Structural response to the ground excitations and the ground response to a moving load on the soil surface are considered. The reduction of the structural response is achieved by reducing the ground vibrations using a trench and a wave-impeding barrier (wib). The numerical investigation is performed by using a boundary element and finite element method. The response of the structure increases with the moving speed of the load, independent of the reduction approach. The investigation reveals that both trench and wave barrier can be used as a reduction measure.
Introduction
Ground vibrations due to moving load received more attention recently, since people are more aware of their life qualities. The other reason is the increasing speed of the wave source, such as high-speed train. Since the induced ground vibrations increase in general with the speed and the magnitude of the moving load, the effect of the moving heavy load will be recognized easily, especially, in the densely populated regions. The public awareness of their surrounding decreases the acceptance of disturbances due to man-made vibrations. A good overview on the effect of man-made vibrations is given in the proceedings of the Wave2000-meeting'. The main objectives of the investigations on the effect of moving loads are the modeling of the load, the proper modeling of the wave propagation in the soil and the reduction measures.
In order to reduce the effect of a moving source we can install reduction devices at the source, in the transmitting medium soil, or we can increase the damping ability of the structures itself, for example, by adding dampers at the structural elements, by using tuned mass dampers or by installing base-isolation systems between the structure foundation and the base. Warburton2) gives a good description of possible reduction measures for the vibration of structure. Reduction measures in the soil can be achieved by installing a trench, a wall or a row of hollow piles as a wave barrier. A solid wall is stable, however, it is not as effective as a trench. The trench is very effective, however, it is difficult to keep it open. To overcome this difficulty Massarsce invented gas cushion screens to replace a solid wall. Kim et al.44 suggested -for example-rubber chip barrier instead of a solid wall.
Another possible way to reduce the ground vibrations is to use a wave impeding bathe?) (wib). It is based on the cut-off frequency of a soil layer over bedrock°. The effect of cut-off frequency was described by Lord Kelvin') more than one hundred years ago. However, his work maybe overlooked by many scientists, since the title of his works does not say any thing about the cut-off frequency. We know from the case of stationary source that waves with predominant frequencies below the cut-off frequency of a soil layer over bedrock are impeded in their propagation. We also know that a stiff barrier cannot replace the real bedrock, since the barrier will move if it is excited by the incoming waves. However, we still can activate the wave impeding behaviour in the layer between the wave bather and the soil surface.
Investigations on reduction of traffic induced vibrations are often limited to two-dimensional problems, e.g. Adam et al.8) .
Three-dimensional analysis is limited, e.g. Hung and Yang99 investigated the influence of the stiffness of a wall, along the path of the moving load, on the effectiveness of the wall. Study on reduction of the effect of moving load on structures in the surrounding is very limited.
This work addresses the ground vibrations induced by a moving load on the soil surface, and their reduction due to a trench and a wib. To the best knowledge of the authors it is the first time that wib for reducing the effect of a moving load is considered. The response of a structure to the ground vibrations is studied as well. 
The solution of the equation of motion (4) for the transverse vibrations uy in the Laplace domain is (5) ELz is the flexural stiffness. An introduction of the boundary conditions leads to the relationship between the shear forces and bending moments Px and the deformations ux at the both ends of the structural members (7) is (8) By introducing the boundary conditions, the dynamic stiffness kT for the torsional vibrations is defined by the relationship between the torsion moment MT and the rotations ƒÕT at the both ends of the structural member (9) We obtain then the dynamic stiffness kb of the structure by adding the stiffness of each structural member using the direct stiffness method.
The wave transmitting behavior of the soil is described by boundary element method. We then obtain the dynamic stiffness of the soil ks . In order to couple the two subsystems structure with foundations and soil, the degree-of-freedom (DOF) of the structure is divided into contact DOF (CDOF) of the foundations and the DOF of the rest of the structure. The DOF of the soil elements at the interface between foundation and soil are transformed into the CDOF Usc . We thereby obtain the transformed stiffness matrix kscc . The coupling of the structure and soil is achieved by equating the displacements and by equilibrating the forces at the soil-foundation interface. We obtain the governing equation of the soil-structure system.
The ground excitation Pbc of the footings is determined in the time domain by using another boundary element program.
Determination of soil vibration in time domain
In order to determine the soil vibration and the foundation excitation a boundary element method in time domain is used.
The differential equation of Lame-Navier describes the displacement field ui of a linear elastic homogeneous continuum subjected to the body forces per unit mass fi:
The commas and dots indicate space and time derivatives, respectively. The constant parameters (12) 
where Tik and Uik are the traction and displacement kernels, resulting from the fundamental solutions' temporal integration.
The outer summation in equation (15) The considered structure is a three-storey steel frame structure with four rigid surface foundations ( Fig. 1(a) ). Each structural member has a length of 3. The soil is assumed to be a half-space. The propagation velocity of shear waves in the soil is 130m/s. The soil density is 1800kg/m3, and the Poisson ratio is 0.33. It is assumed that the structure has no material damping. The structure will therefore experience only radiation damping due to the propagation of waves in the soil. The ground motions are produced by a moving load with a constant speed of 300, 400 and 500km/h. The load path, indicated by a black line, is located 7m from the structure. Since each of the structural foundations has different relative distance to the vibration source, they will therefore experience different ground excitations. The wib has a density of 2000kg/m3, and the shear wave velocity of 250m/s.
The considered reduction approaches are a wave impeding barrier (wib) and an open trench. The trench has a depth of 4.5m, and a width of 0.5m ( Fig. 1(b) ). The distance between the load path and the right boundary of the trench is 1.75m. The wib is installed below the load path at a depth of 1.5m. The wib block has a width of 3.0m and a thickness of 0.8m (Fig. 1(c) ). Since most of the traffic loads have a wide range of frequency contents with predominant frequencies above 20Hz, a load with a half-sine time history in Fig. 2(b) is chosen. The response spectrum in Fig. 2(c) clearly shows the predominant frequencies in the high frequency range. In order to have the same load shape and duration (see Fig. 2(b) ) at each locations of the load path, we have to increase the distribution length of the load in the load path, and the maximum load Pi therefore decreases with a growing speed of the load (Fig. 2(a) ). The maximum of the load for the considered load speed is given in Table 1. 3.2 Ground response of the ground vibrations at a moving speed of 400km/h. This is also the case, when we consider the ground motions at the load path (not presented here). However, at a certain distance from the load path the ground response increases with the load speed . The higher the speed is, the stronger the ground response in the surrounding area will be. Fig. 4 shows the frequency content of the ground acceleration, which represents the ground excitation of structure in the neighbourhood of the wave source. The source moves at a speed of 500km/h. The ground motions in all x-, y-and z-direction have the same frequency content as the source. Since a response spectrum displays the maximum response of a single-degee-of-freedom (SDOF) system to the ground motions as a function of its natural frequency, the figure therefore indicates that a structure will be strongest excited in the vertical direction. Compared to the excitation in the y-direction the excitation in the x-direction is stronger. Fig. 4 Response spectra of the ground accelerations in the x-, yand z-direction at x=18.75m and y=7m of the half-space Fig. 5 Influence of the reduction measure on the ground response at x=18.75m and y=14m Fig. 6 Influence of the moving speed and bedrock on the vertical ground response accelerations az at x=18.75m and y=14m Fig. 7 Influence of the moving speed on the structural response The reduction effect of the trench and the wave bather on the ground responses is presented in Fig. 5 . While the trench can clearly reduce the ground response in the x-and z-direction in all considered load speeds, in case of the load velocity of 300km/h the ground response in the y-direction is amplified. The wave bather can reduce the ground response, but not as strong as the trench.
In Fig. 6 the effect of bedrock at a depth location of 3m on the ground response is presented Since bedrock represents an ideal wave-impeding barrier, the effect of the bedrock can reflect the expected influence of a wave-impeding barrier. The results show that the effect of the bedrock depends on the load speed. While in case of 300km/h and 400km/h load speed the ground vibrations below and above the layer natural frequency of 20Hz are weaker than those without bedrock. However, in case of 500km/h weaker ground response can only be observed below the natural frequency of the layer. Above the layer frequency almost the same ground vibrations are observed. Fig. 7 shows the displacement response of the structure at the location B (see also Fig. 1(a) ) in the y-direction. Ground excitations in all three directions are taken into account. Corresponding to the ground response the largest response of the structure occurs at the load speed of 500km/h. The maximum response uy of 0.224 mm occurs at 0.264 s. It is 129 times the maximum response caused by the moving load with the speed of 400 km/h., and 4.24 times the one due to the load with a speed of 300km/h.
Structural response
In the earthquake engineering it is common to consider the horizontal ground motions as the main damaging forces of structures. The reason is that the horizontal ground motions of an earthquake have generally low dominant frequencies, and the fundamental structural frequency normally belongs to the horizontal global vibrations of the structure. Therefore in the design of structures against earthquakes mainly horizontal ground motions are considered. In most of the design regulations the effect of vertical ground motions may be neglected. In contrast, it is commonly believed that in case of man-made induced vibrations the vertical ground motions are most significant for the structures, as we can see in Fig. 4 .
In order to indicate the influence of a simultaneous ground excitation on the response of the structure, the effect of the horizontal ground motions in the y-direction, in the x-and y-direction as well as all together in x-, y-and z-direction is presented in Fig. 8 . The fundamental frequency of the structure in the x-and y-direction is 3.2Hz and 6.3Hz, respectively. Because of the high frequency content of the ground excitations, as we can see in Fig. 4 , we can expect that both fundamental modes in the x-and y-direction will not significantly excited by the ground motions. The response in Fig. 8(a) is therefore mainly determined by the higher vibration modes. Since the response in the x-direction is considered, the ground motions in the y-direction consequently have no significant influence, and also in case of a simultaneous x-and y-excitation. However, a simultaneous x-, y-and z-excitation causes a maximum response, which is 78% larger than the response due to the x-and y-excitation. Fig. 8(b) shows the response spectrum of the horizontal induced vibrations, which are displayed in the Fig. 8(a) . The response due to the y-excitation shows that the rotation mode with the frequency of 13.5Hz is strongest excited. The response due to the x-and y-excitation excites additionally the second mode in the x-direction with the frequency of 9.7Hz, the second mode in the y-direction with the frequency of 20.36Hz, the third mode in the x-direction with the frequency of 20.5Hz as well as the rotation mode with the frequency of 25.7Hz. Although the considered response is a horizontal response, the vertical ground motions cause a remarkable amplification. The possible reason is the difference in the arriving time and the time history of the strong vertical ground motions. Consequently, the structure experiences strong rocking vibrations. Fig. 8(c) shows the influence of the simultaneous ground excitation on the vertical induced vibrations at the location C. Compared to the effect of the horizontal ground motions the influence of the vertical ground motions is in the considered case, as expected, significant. Fig. 9 shows the reduction effect of the trench and the wave barrier on the horizontal displacement in the y-direction at the location B. A comparison of the results indicates that a trench is very effective in reduction the effect of a moving load. However, it is difficult in practice to keep a trench open. The results also show that a wave barrier can be used as a reduction measure as well. However, the effectiveness of a wave barrier decreases with a growing load speed. In the considered case of 300km/h the largest displacement uy without any reduction measure occurs at 0.261s and has the value of 0.0528mm. With wib the largest response is 0.52 times the response without wib. With trench the largest response occurs at 0.374s and is 0.14 times the response without any reduction measure. In case of 500km/h, however, the largest response without wib occurs at 0.264s and has the value of 0.224mm. The response with wib as reduction measure occurs at 0.254s and has the value of 0.13mm. It is 0.58 times the response without reduction measure. The decrease of the effectiveness is expected, as we have seen in the influence of bedrock on the wave propagation in the surrounding in Fig. 6 . 
Conclusion
In the neighbourhood of the load path the ground responses increase with the load speed, if the load speed exceeds the velocity of the surface waves. The vibration in the vertical direction is the strongest The vibration in the direction of the moving load is stronger than the one perpendicular to the load path. All ground responses have almost the same frequency content as the moving load. Trench is more effective than wib in reduction of the effect of the moving load. The effectiveness of wib decreases with the growing load speed.
In the considered case corresponding to the ground responses the reduction of the response of the structure by using wib is stronger in case of 300km/h load speed than in case of 500km/h.
Further investigations of the effect of the reduction measures in a more complicated soil profile are necessary.
